Background: The widely observed RNA-DNA differences (RDDs) have been found to be due to nucleotide alteration by RNA editing. Canonical RNA editing (i.e., A-to-I and C-to-U editing) mediated by the adenosine deaminases acting on RNA (ADAR) family and apolipoprotein B mRNA editing catalytic polypeptide-like (APOBEC) family during the transcriptional process is considered common and essential for the development of an individual. To date, an increasing number of RNA editing sites have been reported in human, rodents, and some farm animals; however, genome-wide detection of RNA editing events in sheep has not been reported. The aim of this study was to identify RNA editing events in sheep by comparing the RNA-seq and DNA-seq data from three biological replicates of the kidney and spleen tissues.
Background
According to the central dogma, it is assumed that the sequence of mRNA truthfully reflects that of the DNA template. However, we know that the RNA sequences are not coded one-to-one by their corresponding DNA sequences. RNA modifications during co-and post-transcriptional processes contribute to the complexity of alternative splicing, and sequences and structures of the mature RNA molecules. One of the most important mechanisms is RNA editing, which results in RNA-DNA differences (RDDs), e.g., codon changes leading to protein variants [1] . It has been illustrated that the base modification at the RNA level plays an important role in post transcriptional regulation to enhance the complexity of transcripts and alter the function of genes.
The most commonly observed RNA editing event in human is A-to-I editing (normally interpreted as guanosine during transcription or by sequencing enzymes, recognized as A-to-G). The genes of the adenosine deaminases acting on RNA (ADAR) family were investigated to mediate the A-to-I editing process by binding the double-stranded (ds) RNA secondary structure [2] . Another widely described RNA editing base modification type in mammals is C-to-U conversion mediated by catalytic deaminase, apobec-1, and apobec-1 complementation factor (ACF) in apolipoprotein B mRNA editing catalytic polypeptide-like (APOBEC) family. The C-to-U conversion type of editing is relatively rare in the human transcriptome [3] . Both A-to-I and C-to-U events are considered as canonical RNA editing types, whereas the other types of RNA editing are generally considered as false positive detections in human genome-wide scanning studies [4] [5] [6] . However, there are some reports on the importance of the non-canonical editing types [7, 8] .
According to the Rigorously Annotated Database of A-to-I RNA Editing (RADAR) database [9] , only a few dozen human RNA editing targets that change amino acids in non-repetitive regions have been identified. An example is the initially detected RNA editing event, glutamate ionotropic receptor AMPA type subunit 2 (GluR-2) Q/R site resulting amino acid substitution, converting glutamine codon into arginine codon [10] . To date, the development of high-throughput sequencing technology such as next generation sequencing methods have facilitated the discovery of RNA editing events and its functional mechanisms in different organisms. In addition to studies on human tissues, several RNA editing sites have been reported in farm animals such as pig [11] and chicken [12] .
To the best of our knowledge, there is no report on genome-wide scanning of RNA editing sites in sheep. In the present study, for the first time, we applied DNA and RNA resequencing data to identify potential editing events in sheep. We restricted our search for RNA editing sites only to homogenous genomic DNA (gDNA) sequences, but heterogenous RNA sequences as putative RDDs were also included to minimize false positives. In addition, crucial thresholds were set for the detection of RDDs for RNA and DNA mapping and genotype quality in order to eliminate uncertain reads and single-nucleotide variants (SNVs). Furthermore, we excluded the RDDs that are present on repetitive regions, which may result in mis-mapped reads and variant call errors [13, 14] . Overall, this study aims to explore reliable RNA editing events in sheep and provide more information for RNA-editing database of mammals.
Methods

Sample collection
The kidney and spleen tissues, and blood samples were obtained from three adult (2 years old) male Lanping sheep (a Chinese indigenous sheep breed) from the same population in Yunnan Province of China. These animals were unrelated according to their pedigree records. DNA was extracted from blood samples with the routine phenol-chloroform extraction method. The total RNA was extracted and purified using the RNA Sample Total Kit (Qiagen, German). The quality of gDNA and RNA was evaluated using NanoDrop 2000 (Thermo Fisher Scientific) and by agarose gel electrophoresis (1.2% agarose gel).
DNA/RNA sequencing
For each DNA sample, a whole-genome sequencing library was built using the Illumina TruSeq DNA Sample Preparation Kit (Illumina, Inc., San Diego, CA, USA) with an insert size of~350 bp. The libraries were sequenced on the Illumina HiSeq 2000 platform. The paired-end reads of 100 bp were generated for each fragment.
The total RNA from each sample was used as input for the TruSeq RNA Prep Kit (Illumina, Inc.) and by means of indexed adapters; a sequencing library was created according to the manufacturer's instructions. RNA sequencing was conducted on the Illumina HiSeq 2500 platform, resulting in paired-end 100-bp reads. The insert length of the RNA-seq library ranged from 300 to 400 bp. The DNA-and RNA-seq data have been deposited to the National Center for Biotechnology Information (NCBI) SRA Database (accession number: SRP133430).
Mapping and variant calling strategies
The raw reads of both DNA-and RNA-seq data were first checked using the FastQC tool [15] and trimmed using Trimmomatic [16] . First six bases of each read were discarded to avoid artificial mismatches derived from random-hexamer priming, adaptors, and low-quality nucleotides (quality < 30) were also removed. The resulting clean reads were obtained and prepared for alignment against sheep reference genomic sequences (OARv4.0).
For the RNA-seq data, the reads were mapped to the sheep reference genome using the two-pass mapping strategy in STAR (v2.6) [17] , and only uniquely mapped reads were extracted based on the mapping quality (MAPQ = 255). We then used the GATK ReassignOneMappingQuality read filter of GATK (v4.0.12.0) [18] to reassign map quality scores (MAPQ) of all unique alignments from 255 to the default value of 60 in GATK (v4.0.12.0) [18] . The BWA (v0.7.17) "mem" method [13] with default parameters was used to align DNA reads against the sheep reference genome (OARv4.0). The polymerase chain reaction duplicates were removed from the resulting DNA and RNA mapped bam files using the MarkDuplicates tool from GATK (v4.0.12.0) [18] . The results from the two mapping procedures were merged into a single BAM file.
Joint variant calling was conducted on the BAM file using Samtools/Bcftools [19, 20] to construct a preliminary file of known variants, which would be applied for the GATK indel realignment and base quality recalibration steps. HaplotypeCaller was then used for variant calling across all DNA and RNA alignments using the options stand_call_conf 10 and stand_emit_conf 10. According to the previous literatures, a batch of filters should be conducted to remove false positive sites resulting from sequencing and mapping bias [5, 21] . In the variant filtering step, indels were removed and only biallelic SNPs were retained for the further filtering steps. Variants that failed one of the following filters were removed: 1) alternative variants that were supported by at least two reads, 2) mapping quality score of ≥20, 3) base quality score of ≥95, and 4) strandness Fisher test value of ≤30.
Detection of putative RNA-DNA differences
In the detection of RNA-DNA differences, only positions supported by at least four genomic reads and completely homozygous were retained. The following types of mismatches were also discarded according to a previous study [5] : 1) supported by < 10 RNA-seq reads, 2) intronic mismatches located within 4 bp of a known splice junction, 3) edit ratio (fraction of edited vs. total reads) < 10% or > 95%, extremely low or high edit ratio could result from low coverage of genomic reads or sequencing error. To reduce false positives caused by sample artefact, RDDs detected in all the three biological replicates were kept and regarded as common RNA editing sites in the tissue. These types of restricted editing sites were collected and used for the further annotation.
Due to our RNA-seq data are not strandness specific, we utilized the gene annotation file (ftp://ftp.ncbi.nlm.-nih.gov/genomes/Ovis_aries/GFF/) to extract the RDDs located in the transcriptional regions, and then identified their types with the help of the strand information of each transcript.
Validation of RNA-DNA differences
To validate the homozygous/heterozygous status of the putative RDDs, we used PCR to amplify RDDs on 13 putative editing sites. The PCR products of DNA and cDNA samples were sequenced by Sanger sequencing. Primers were designed using the NCBI Primer-BLAST tools (https://www.ncbi.nlm.nih.gov/tools/primer-blast/). The primer sequences are listed in Additional file 1: Table S3 . The PCR reaction mixture of volume 20 μL was prepared with 1× PCR mix, 20 ng of genomic (or 5 ng of cDNA) template, and 500 nmol/L each of forward and reverse primers.
Differential expression analysis and gene annotation
Transcriptome quantification and differential expression analyses were performed using Cuffdiff [22] . ANNOVAR [23] was used to annotate the editing sites using the GFF3 files (ftp://ftp.ncbi.nlm.nih.gov/genomes/Ovis_ar ies/GFF/). The genes with mismatches located in the exonic regions were extracted for the functional enrichment analysis. Gene Ontology annotation were computed using the DAVID web tool [24] .
To analyze the conservation of upstream and downstream sequences of an editing site, alignment of genomic sequences among different species was conducted using the alignment tool, which is available on Ensembl (https://www.ensembl.org/index.html).
Results
Read mapping and variant calling
The trimmed reads and mapping alignments of each sample are listed in Table 1 .
After all the DNA reads of the three individuals were pooled, we estimated the average coverage of genomic sequences to be 26×. Accurate identification of variants from RNA and DNA of the same individual is the most important step in identifying RDDs. To avoid miscalled SNVs owing to sequencing errors and misalignments, we applied stringent filters (details are mentioned in methods). Transcriptome-wide screening revealed 84,361 and 97,295 high-quality heterozygous SNVs in the kidney and spleen tissues of sheep, respectively.
Identification of RNA editing
In the present study, SNV sites that were homozygous at the DNA level and heterozygous at the transcriptome level were extracted as putative RNA editing sites. After comparing the DNA-seq and RNA-seq reads generated from the same individuals and applying additional filters for removing RDDs in the splicing region, a total of 18,644 and 25,407 RDDs in the kidney and spleen were obtained, respectively. In the three kidney tissues replicates, 7,869, 6,036, and 7,779 RDDs were retained, respectively. Furthermore, 10,391, 9,253, and 10,702 RDDs were obtained from the three spleen tissue samples (Additional file 1: Figure S1 ). Finally, 607 common RDDs in the kidney and 994 common RDDs in the spleen were extracted as the reliable editing sites. All the putative RDDs from the three sheep individuals were listed in Additional files 2, 3 and 4.
We validated 13 RDDs by Sanger sequencing method, 9 of the 13 sites were confirmed as the true edited sites. The sites on chr11:41753132 were considered false positives by comparing their gDNA and cDNA sequencing chromatograms. At the two predicted editing sites of CARD19, two overlapping peaks were observed at the cDNA sequencing chromatograms; these peaks might result from incomplete RNA editing at these sites for all mRNA molecules in the kidney and spleen. However, the DNA sequencing of CARD19 failed, and the editing status of the two predicted sites was set as "Not sure". The chromatogram traces of gDNA and cDNA (extracted from the kidney and spleen) are shown in Additional file 1: Table S1 .
The number of RDDs found in the spleen was marginally higher than that in the kidney, likely because the expression of ADAR was significantly (P< 0.01) higher in the spleen than in the kidney (Fig. 1) . The adjusted fragments per kilo base per million (FPKM) sequenced read values in the spleen and kidney were 19.52 and 7.71, respectively. The expression of ADARB1 (adenosine deaminase, RNA specific B1, also known as ADAR2) was not significantly different between the kidney and spleen. The ADAR family comprises ADAR (also known as ADAR1), ADARB1, and ADARB2 (adenosine deaminase, RNA specific B2, also known as ADAR3). In human, ADAR and ADARB1 are expressed in almost all the tissues, and they have the ability to convert adenosine to inosine in double-stranded RNAs [25] [26] [27] . ADARB2 was not found in our sheep RNA-seq data, and it is reported to be expressed only in human brain without a known editing activity.
The genomic location of RDDs
To understand the functional importance of the RDDs detected in our study, we clustered these sites according to their locations to the nearest known genes. In total, 607 and 994 RDDs in the spleen and kidney were found in all the three biological replicates simultaneously and were considered as common RNA editing sites.
Most of the common RNA editing sites in the spleen and kidney were annotated on exonic, intronic, and intergenic mismatches. One third of the RDDs in the kidney (226/ 607) and spleen (346/994) was found in the intergenic regions; the proportion of exonic DNA-RNA mismatches was both close to 15% in the kidney (106/607) and spleen (144/994). In the intronic regions, the mismatches in the kidney (177/607) and spleen (346/994) were made up of 27-28% RDDs in total. Especially, additional 15 and 52 mismatches were detected in ncRNAs in the kidney and spleen, respectively (Fig. 2) . In addition to the common RNA editing sites, a large range of individual-specific RDDs were detected in either the spleen or kidney tissue, respectively. More than half of these individual-specific RDDs were annotated within the protein-coding and UTR regions. Irrespective of the tissues, RDDs seemed to be frequent in the UTR and protein-coding regions. In the present study, we performed further analysis on the common RNA editing sites.
Types of RDDs
Because our RNA-seq data are not strand-specific, the types of RDDs can be wrong if the types of mismatches identified in the variant detection analysis were directly used. We utilized the gene annotation file to extract the RDDs located in the transcriptional regions, and then identified their types with the help of the strand information of each transcript. The analyses of RDD types indicated that A-to-G type was the most frequent (38-46%) type of mismatches between DNA and RNA in transcriptional regions (Fig. 3) . The second frequent type in transcriptional regions was T-to-C mismatches, which made up~9% of the mismatches in both the kidney and spleen. The number of A-to-G mismatch was higher in the spleen (164) than in the kidney (102). This can be attributed to the fact that A-to-G editing is mainly mediated by ADAR, and the expression of which was significantly higher in the spleen than in the kidney.
Gene annotation of the common RDDs in the kidney and spleen
In total, 164 and 247 genes were annotated to the kidney and spleen RDDs (excluding intergenic RDDs), respectively. Fig. 1 Normalized expression levels of ADAR and ADARB1 between the kidney and spleen tissues. Expression between the tissues was calculated by tissue-scale normalization. Pairwise t-test was used to determine the differences in the expression levels between the spleen and kidney. The ADAR expression was significantly (P < 0.05) higher in the spleen than in the kidney, but the ADARB1 expression was not significantly different between the spleen and kidney
Eighty-three genes were found annotated in both the kidney and spleen RDDs. In the kidney, 44 RDDs (21 genes) in the kidney and 63 RDDs (33 genes) in the spleen were found to be nonsynonymous mutations resulting in amino acid changes or stop-gain mutations (Additional file 1: Tables S4 and S5 ). The enrichment analysis indicated that among the 164 and 247 genes annotated to the RDDs in the kidney and spleen, five genes related to the peroxisome term (GO:0005777) were slightly overrepresented, and the BH adjusted P value was 4.7e-2. Other RNA editing-related genes identified in the present study might be evolved in specific biological functions of sheep, such as structural constituent of the cytoskeleton and microtubule-based process, even though the BH adjusted P value was not significant. RNA editing related genes that categoried to GO terms were listed in Additional file 1: Tables S6 and S7 . Interestingly, exploration of the human RNA editing database RADAR [9] (http://rnaedit.com/download/) and the previously reported RNA editing sites, revealed that bladder cancer associated protein (BLCAP) and Nei endonuclease VIII-like 1 (NEIL1) have non-repetitive RDD sites.The type and location of the two editing sites on genomic reads and RNA reads were shown by IGV tools in Fig. 4 . Further, 2,576,459 RNA editing events were recorded in the database RADAR, and 95.56% of the events were located on the ALU elements in human; Fig. 2 Distribution of the locations of the common RDDs in kidney and spleen. Genomic location of each RDD was classified depending on the proximity to the nearest known gene. Summary of the locations of RDDs from 607 common RDDs in kidney and 994 common RDDs in spleen Fig. 3 Types of observed RDDs on the transcripts. 221 and 428 common RDDs were found locating on the transcriptional regions. Among the 12 types of RDDs, the most frequent event was A-to-G 103 and 137 RNA editing-related genes in the kidney and spleen were found in the RADAR database. Among these edited genes, two edited sites in BLCAP and NEIL1 were also found in previous studies in chicken [12] and pig [28] .
In the present study, the editing site (amino acid change: Y/C) on exon 1 of BLCAP was found in both the kidney and spleen, and the K/R editing site on exon 6 of NEIL1 was found in the spleen of the three adult male sheep.
To investigate the conservation of regions of these RDDs between sheep and other mammal species, multiple sequence alignments of BLCAP and NEIL1 genomic sequences were performed using the Ensembl online alignment tool. The edited sites detected in BLCAP and NEIL1 were both located in conserved genomic regions with 100% sequence similarity among these species (Additional file 1: Figures S2 and S3 ).
Discussion
RNA editing is a widespread phenomenon occurring during the co-and post-transcriptional processes. Most of the known editing sites in humans are found in non-coding regions, especially in repetitive genomic structures (for instance, the ALU elements), and in the UTRs of genes [5, 29, 30] . In our study, we used the DNA-and RNA-seq data to detect 18,644 and 25,407 RDDs in sheep kidney and spleen, however, most of the detected RDDs were individual-specific. In order to control false positives, strict detection filters were applied, such as, modest RNA-seq coverage, high quality of mapped reads and high qulity of mapped alleles. The numbers of RNA editing sites are expected to be underestimated in the present study. Many sites are edited at a low frequency and the ability to be detect comes with the increase of sequencing depth [31] . We then focused on RDDs located on UTRs and protein coding regions, which are considered to be likely correlated with gene functions. There should be more number of editing sites in sheep than that identified in the present study, because we only focused on RDDs and used restrictive filtering parameters to minimize noise; thus, we provided some reliable RNA editing sites in sheep, but inevitably we missed some true sites.
Types of RDDs
Generally, among all the RDD types, A-to-I and C-to-U are presumed to be canonical editing sites; the other 10 non-canonical editing sites were usually presumed to be false-positive results due to the current sequencing technology and analysis limitations [5] .
Some studies have indicated that both canonical and non-canonical editing sites exist in the transcriptome [32] . The C-to-T editing mediated by the APOBEC family has been found to increase the number of C-to-T and G-to-A mismatches, because the C-to-U editing sites can produce C-to-T editing in the primary strand, whereas G-to-A editing occurs on the complementary strand [33] . Similarly, A-to-I editing might increase the A-to-G and T-to-C mismatches. Our transcriptomic data showed that APOBEC1 is not expressed in the two tissues investigated, but APOBEC2 and APOBEC3F were found to be expressed at a low level (Additional file 1: Table S2 ). Furthermore, we observed other non-canonical RNA editing sites, such as G-to-A and T-to-C in both the kidney and spleen. This can be attributed to the fact that our RNA-seq data were not strand-specific. Moreover, the type of a RDD has a high probability of being erroneously called to be a different type. Additionally, RDDs identified from RNA-seq reads covering or intersecting with known genes can be assumed to originate from these genes. Thus, the percentage of RDD type within known genes were estimated, however, RDDs in unannotated regions or in regions with bidirectional transcription were not taken into any categories. The results showed that A-to-G type was the most frequent (38-46%) type of mismatches between DNA and RNA in transcriptional regions. Future study with strand-specific RNA-seq is needed to confirm the non-canonical RNA editing sites identified in the present study.
Tissue-specific edited sites might play important roles in regulating gene expression
The RNA editing events that result in changes in amino acid residues are prevalent regulation changes of phenotypes, and the widespread RNA editing events are known to play an important role in the diversity of the transcriptome by producing presumably more types of transcripts, while affecting only a few nucleotides [34] . In the present study, we identified 18,644 and 25,407 RDDs in the kidney and spleen of sheep, respectively. More than 90% RDDs showed tissue or individual specificity, indicating that the large proportion of physiological differences among individuals and tissues might be attributed to the diversity in the transcriptional and post-transcriptional processes. A previous study has also suggested that RDDs show cell or tissue specificity during development; they are probably not functionally important because of their rare occurrence within populations [27] . Conversely, common editing sites can be associated with certain advantages and hence are preserved during evolution [5] . RNA editing can alter gene expression by affecting the binding of small regulatory RNAs (microRNAs and siRNAs), creating alternative splice sites, and changing the sites in stop codons [35, 36] . Therefore, the editing sites might be important for the variation in gene expression and phenotypic features.
Conserved edited sites in BLCAP and NEIL1
Within all the three biological replicates, 75 genes were found containing reliable RNA editing sites in sheep. Two edited sites in BLCAP and NEIL1 are also reported in other species. Furthermore, the sequences near the edited sites in BLCAP and NEIL1 have high similarities among mammal species (Additional file 1: Figures S2 and S3) , suggesting that these editing events might be conserved in mammals.
BLCAP, a highly conserved gene with tumor-suppressor function in different carcinomas, was previously identified as an edited gene in the brain [37] and fat tissue of pig [11] , and the same Y/C editing site is mapped in the key YXXQ motif in human. BLCAP with RNA editing at this site was found to lose its ability to inhibit signal transducer and activator of transcription 3 (STAT3), providing a clue that the Y/C editing site in BLCAP is associated with the function of BLCAP and the development of cancer [38] . Exon 6 K/R RDD found in the present study in the sheep NEIL1 gene, which codes for a DNA repair enzyme, has also been reported in multiple tissues in human [39] and pig [11] . Additionally, it has been reported that the edited and unedited forms of the NEIL1 proteins have distinct enzymatic properties for glycosylase activity and lesion specificity, and the editing level can be regulated extracellularly by interferon [40] .
These editing events occur in the protein coding region can directly alter the protein sequences and structures, and then affect the biological function. These results suggest a specific regulatory mechanism for gene function derived by RNA editing.
Conclusions
To the best of our knowledge, our study is the first to detect RNA editing in sheep by comparing RNA-seq and DNA-seq data from three biological replicates of the kidney and spleen tissues. Under stringent sequence data filters, a total of 607 and 994 common RDDs were identified in the ovine kidney and spleen as the reliable RNA editing sites. Further,164 and 247 genes were annotated to the kidney and spleen RDDs. The amino acid conversion edited sites found in the ovine BLCAP and NEIL1 are conserved in pig and human, suggesting that evolutionarily conserved RNA editing sites may be important for gene function and the development of an individual. Our study provides some putative functionally important RNA editing sites in sheep, and it is important to conduct further studies to reveal the functional changes in RNA editing event genes and their roles in economically beneficial traits and diseases in sheep.
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